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Abstract
Modern gas turbine efficiency is improved by active cooling of the turbine blade
trailing edge. This research seeks to improve turbine efficiency by increasing the cooling
performance. For some time, pin fins have been used as the most common means of heat
transfer enhancement. Among different types of pin fins, circular cross-section or
cylindrical pin fins are the most popular and studied pin fins. A state-of-the-art design
passes cooling air through a high-solidity pin array in a cavity in the trailing edge. A
novel configuration with split cylindrical pin fins in which each pin has a centered slot in
the mean flow direction are considered in this study. Computational simulations of flow
with the proposed design reveal a significant improvement in cooling ability as compared
to the currently used solid pin arrays.
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Nomenclature
A

Cross-sectional area perpendicular to the flow

D

Diameter of pin fin

ReD

Reynolds number based on pin diameter

NuD

Nusselt number based on pin diameter

f

Friction factor

APM Array Performance Metric
u

Axial/Stream wise velocity

T

Static temperature

Tb

Bulk temperature

Tw

Wall temperature

h

Convective heat transfer coefficient

k

Thermal conductivity of air

ρ

Density of air

μ

Viscosity of air

Vmax

Maximum average velocity in the minimum cross-sectional area

∆P

Pressure drop

N

Number of rows of pin fin

x

s/D

Non-dimensional slot width

X/D

Axial spacing/stream wise spacing

Z/D

Span wise spacing

H/D

Height to diameter ratio of pin
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1. Introduction
A. Motivation
Gas turbine systems are popularly used for power production and aircraft propulsion.
The basic working principle of this system is Brayton cycle. The main components of the
system are the compressor, the combustion chamber, and the turbine. Ambient air is
pulled into the compressor where it is pressurized. A mixture of compressed air and fuel
is formed in a specific proportion and passed to the combustion chamber to be heated at
constant pressure. The resultant high temperature and high-pressure gas is used to rotate
the turbine. For propulsion, the hot gas is expelled at a high speed to produce thrust. For
production of electricity, the shaft connecting the turbine to the compressor is extended
beyond the turbine system to drive a generator. There are several techniques of improving
the cycle efficiency. Increasing the outlet pressure of the compressor improves the
efficiency of the system. This can be achieved by incorporation of a number of
compressor stages. This increases the weight of engine which is not a problem for a
stationary power production unit but for an aircraft system the weight is to be kept as low
as possible. So attention is given to other ways of improving cycle efficiency. From the
thermodynamic point of view, increasing the turbine inlet temperature is one approach to
increasing gas turbine efficiency.
A turbine consists of a number of blades which extract energy from high temperature
and high pressure gas. Advanced gas turbines operate with gas temperatures at the
combustor exit higher than 1,500°C, the melting temperature of stainless steel. The high
temperature gas directly hits the first few rows of turbine blades after being ejected from
the combustion chamber. As a consequence, the turbine blades that are close to the
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combustor experience a very high thermal load. This presents difficult challenges for
system design. The blade material must be capable of withstanding this high temperature.
Therefore, the peak operating temperature of working fluid is limited by the maximum
allowable material temperature. Active cooling of the blade allows operation at higher
gas temperatures without blade failure. The structure of a turbine along with different
types of cooling holes are shown in Fig. 1. The blue arrows and red arrows are indicating
the flow paths of coolant and hot gas respectively. Extended part service life is another
major concern of advanced gas turbine technology. Turbine parts that experience a high
thermal load are affected by thermal degradation which is a potential source of engine
failure. This ultimately leads to costly repair and maintenance and sometimes is

Fig. 1. Different parts and cooling holes of turbine blade from [16]
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responsible for lengthy downtime. The motivation is to provide active cooling in the
turbine walls and passages.
B. Challenge in Pin Fin Cooling
There are different types of cooling methods for turbine parts that are subjected to a
high temperature. Extensively used techniques are internal and external cooling of the
turbine walls. The trailing edge of turbine blade is a crucial region, and devising an
efficient cooling scheme for this area is a difficult task. Aerodynamic requirements
demand a thin shape of the trailing edge. The space inside the trailing edge is small and
consequently the shape of the internal passage becomes complex. The available area for
coolant air flow is limited. There are several internal geometries available for the
achievement of cooling like pin fins, rib structures, or dimpled surfaces. Pin fins are
extended structures and have long been used to enhance heat transfer. These are not only
used in gas turbine blades but also in compact heat exchangers and for the cooling of
power electronics. Because the trailing edge of turbine blades is usually thin to improve
their aerodynamic performance, the employment of pin fins also enhances the structural
integrity of trailing edge connecting suction side and pressure side of blades. Thus the use
of pin fins has two-fold benefits. Being an integral part of the blade, pin fins ensure
structural integrity as well as enhanced cooling.
The role of pin fins is crucial in the trailing edge of the gas turbine blade. The
incorporation of pins introduces turbulence in the coolant flow which ultimately increases
convective heat transfer. From this point of view, pin fins can be considered to act like
turbulators. Cooling does not directly provide power. Rather it is a loss in the cycle that
improves the performance of other parts of the cycle. There exists a trade-off between
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cooling and increased efficiency. Effective cooling design is one that uses minimum
coolant and optimizes the internal blade space with proper pin fin arrangement. The
challenge in pin fin design is augmentation of heat transfer with a minimal penalty for
pressure drop. Thus the efficient use of pin fins requires extensive research and analysis.
C. Research Objective
A considerable amount of research has been done in pin fin cooling design and the
present effort continues the search for further improvement. This research aims at
determining how the heat transfer and pressure drop characteristics change with variation
in pin cross-section geometry and arrangement. Fig. 2 shows various cooling methods

Focus area of
Research

Fig. 2. Various blade cooling techniques from [16]
used for gas turbine blades and the focus area of this research. Circular cross-section
cylindrical pin fins are the most popular and widely used geometry and is the most
4

investigated shape. Results of experiments [9] with a high solidity staggered cylindrical
pin fin array in a constant height rectangular channel have served as the starting point for
the present effort. It is demonstrated that ANSYS Fluent provides good simulation of the
flow field and heat transfer in the passage of interest. A new pin geometry with a
centered slot in the flow direction is proposed in this study. To be clear and concise, this
new geometry will be referred to the RH-pin geometry. The objective of the present
study is to determine if this new pin geometry provides better heat transfer and presents a
lower resistance to flow than pins currently employed in high solidity pin fin arrays.

5

2. Literature Review
A very large number of studies relevant to the phenomena of interest to the present
investigation have been reported. The review presented below is focused specifically on
flow geometries similar to those of interest in the present study. The intent of this review
is to provide a useful setting in which to understand the present research. The review is
therefore representative but not exhaustive.
The aspect ratio of the pin fin is an important parameter in the study of heat transfer
with pin fins. The regular and most commonly used geometry is the cylindrical pin fin.
Long cylinders (H/D > 8) have application in heat exchangers. In case of high aspect ratio
cylinders, the role of end wall is secondary while the dominating role is played by
circular surface of the cylinders in the total heat transfer process [1]. Long pin fins are not
used in the trailing edge of turbine blade because of two constraints – the size of blade
and manufacturing limitations. So pin fins with a low aspect ratio are used with a typical
height to diameter ratio between 0.5 and 4. The end wall region for such fins has a
significant influence on the heat transfer rate. Chyu and associates [2] investigated the
relative contribution of these components to the total heat transfer rate because confusing
results were reported from earlier studies. He concluded that the inconsistencies were a
consequence of inappropriate boundary conditions, more specifically both pin fins and
end walls were not heated in those studies. He also reported that the heat transfer
coefficient for pin fins is 10 to 20 percent higher than that of end walls.
VanFossen [5] studied two different model geometries of short pin fins. The larger
pins had diameter of 0.635 cm and were arranged in an equilateral triangular array with a
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four-diameter spacing between the pins. Three variations of this arrangement were
studied.
a) Copper pin perpendicular to the end wall
b) Wooden pin perpendicular to the end wall
c) Copper pin inclined to the end wall
The smaller pins, also in an equilateral triangular array, had a diameter of 0.3175 cm and
were spaced two diameters apart. The range of Reynolds number investigated was from
300 to almost 60,000. VanFossen found no significant effect of inclination of the pins on
the average heat transfer coefficient and the pin surface heat transfer coefficient was 35
percent higher than that of end wall. VanFossen proposed the following relationship
between Reynolds number and Nusselt number:
NuD =0.153 Re0.685
f(geometry factors)
D
Parameters influencing the performance of pin fins include Reynolds Number, stream
wise spacing (X/D), span wise spacing (Z/D) and height to diameter (H/D) ratio. The rate
of heat transfer increases with increasing Reynolds number. Metzger et al. [4] studied the
effect of stream wise spacing using an arrangement of circular pin fins with Z/D=2.5,
H/D=1, and a stream wise spacing X/D ranging from 1.5 to 5.0. The correlation for array
averaged heat transfer was reported as:
X -0.34

NuD =0.135 Re0.69
D (D)

for 103 < ReD <105

The study of Lawson et al. [6] on short pin fins revealed the effect of stream wise spacing
and span wise spacing on heat transfer and pressure loss. He concluded that in general
array heat transfer decreases with increased stream wise and span wise spacing. He also
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concluded that the augmentation of heat transfer is more likely to be affected by stream
wise spacing while span wise spacing has a stronger influence on array pressure drop.
Arora and Abdel Messeh [7] conducted their study on ten rows of short pin fins and
four test configurations. The values of their major parameters are shown in the following
table.
TABLE 1 Parameters considered in the study of Abdel Messeh
Test
No

Channel
Test type

Aspect

X/D

Z/D

H/D

S/X

D (cm)

Ratio

1

Smooth Channel

25:1

No pins

2

Pin Array

25:1

1.41

2.42

1.07

1.72

0.4763

3

Pin Array

25:1

2.83

2.22

1.07

0.78

0.4763

4

Pin Array

25:1

2.83

2.42

1.07

0.86

0.4763

5

Pin Array

25:1

3.39

2.46

1.28

0.73

0.3967

The local Nusselt number increased up to 3rd or 4th row and then slightly decreased. This
is a common phenomenon that is also found in a number of papers of other authors.
The shape of the pin fin is another important factor in the evaluation of heat transfer
and pressure drop performance. Although cylindrical pin fin is the most common shape,
some authors considered several other cross-sectional shapes. The configuration also
affects the cooling characteristics of the array. Many orientations are possible other than
inline and staggered arrangements. The performance of staggered pin fin arrays is better
than that of inline arrays. The behaviors of cylindrical and elliptic pin fins were studied
by Tarchi et al. [8]. Cylindrical pin fins were arranged in a pentagonal scheme and
elliptical pin fins had stream wise and span wise orientations – major axis being parallel
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and perpendicular to the flow direction. Pentagonal scheme has similar characteristics to
staggered array in terms of average heat transfer. Span wise elliptic fins provide more
cooling than stream wise elliptic fins but result in a larger friction loss. Ames [9] studied
circular and diamond shaped fins in a constant height and in a converging channel. The
converging channel configuration provided less heat transfer as compared to the constant
height channel.
Rao et al. [10] investigated the effect of surface dimples on cooling. The authors
concluded that, as compared to smooth surface pin fin chamber, surface dimples
improved the heat transfer performance and that deeper dimples generated higher Nusselt
numbers. The authors of [11] studied the effect of pin spacing by removing rows and
inserting alternative geometry in the gap. Not surprisingly, row removal reduced the heat
transfer rate. The alternative geometry did not make a significant contribution to the
overall heat transfer rate but it might be useful purpose of local heat transfer.
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3. Computational Modeling
A computational study to evaluate the performance of different pin fin geometries
was performed using ANSYS Fluent. This commercial software tool is a good choice for
this research because its ability to simulate flows with similar features is well established
in the literature. Further, the university already held a license that permitted parallel
execution in the University’s High Performance Computing Center (HPC).
A. Preparation of Model Geometry
The model geometry was derived from the experimental investigation reported by Ames et al.
[9]. The geometry is a staggered arrangement of high solidity (45%) cylindrical pin fins in a
constant height channel. The reason for choosing a staggered arrangement is the fact that
staggered arrays of pin fins show better heat transfer characteristics than in line arrangements.
Another parameter is solidity, which is a function of stream wise spacing and span wise spacing
for a specific pin diameter. The open literature supports the conclusion that high solidity arrays
provide better cooling than low solidity arrays.

B. Model Geometry for Validation
A simplified view of the experimental geometry is shown in the left side of Fig. 3.
There are eight rows of pin fins after the preconditioning section. As shown in Fig. 3, the
stream wise spacing, span wise spacing and height to diameter ratio were maintained at
1.043, 1.674 and 0.95 respectively and the diameter of each pin fin was 2.012 cm. This
spacing was selected by Ames to produce a cross-sectional area for flow between
diagonal pins that is the same size as the cross-sectional area between adjacent pins.
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Fig. 3. Schematic of the heat transfer array test section studied by Ames [9] and depiction of
computational domain
In the right side of Fig. 3 is shown the computational domain, which is prepared from
experimental geometry by taking a slice of it. This slice is representative of the total
geometry and is actually a rectangular channel with pin fins. Analyzing the flow
parameters of the slice gives the physical insight inside the staggered array pin fin
geometry. Neglecting the end wall effects, the simulations were conducted with this array
slice. The model geometry was further reduced by half since it is symmetric about the
vertical mid plane parallel to the direction of flow. The computational model is depicted
without top, left and right surfaces so that the internal arrangement of pin fins becomes
visible. The heat transfer array consisted of eight rows of pin fins as was in the
experiment. The first three rows were adiabatic and the following five rows were heated.
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C. Proposed New Geometry
A novel geometry was proposed consisting of half cylinders which may be referred to
as RH pin geometry. It was prepared with a centered slot in the flow direction. Fig. 4
shows a top-view of a slice of a traditional staggered array cylindrical pin fin. Flow
enters from the left edge and leaves from the right-edge. Fig. 5 shows a similar slice of

Fig. 4. Top view of conventional pin fin design

Fig. 5. Top view of proposed RH-pin fin design
an RH geometry array. While preparing the novel pin fin design, two important
parameters-solidity and area normal to the flow, were kept unchanged. The objective of
the present research was to determine if the RH geometry performs better than the
traditional geometry and to begin a parameter space optimization of the RH geometry
array if it is superior. A careful observation of Figs. 4 and 5 reveals that solidity was not
changed because the diameter of pin fin and the spacing ratios (stream wise spacing and
span wise spacing) were the same for both cases. The solid pin fins were split and the
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resulting half cylinders were shifted away from each other in a direction normal to the
flow. Thus the cross-sectional area open to the flow was the same for both pin fin arrays.
D. Assumptions and Boundary Conditions
The boundary conditions were selected according to match those of the experiment.
Four Reynolds numbers (Re) [6,000/10,000/ 20,000/40,000] were simulated by
specifying corresponding velocities at the inlet. All the parts of model geometry were
kept at 300K except the heated portion where an elevated temperature (330K) was the
boundary condition. A specified pressure outlet boundary condition was selected for the
outlet. A symmetry boundary condition was imposed at the two computational domain
walls parallel to the flow.
Recognizing the low Mach number (M=0.035 for maximum Re=40,000) of the flows
of interest and the relatively small change in temperature and pressure of the air from
inlet to outlet, the initial computational studies were conducted using an incompressible
flow model. As detailed in a later section, excellent agreement between computational
simulations and experimental data was obtained during the validation study so all results
herein reported were obtained using the incompressible flow model.
E. Performance Parameters
There are many parameters involved in the study and analysis of the performance of
pin fins. Among them, heat transfer and pressure drop are two most important
parameters. Following standard practice for flows through staggered arrays, the value of
the Reynolds number is computed using Equation 1 in which ρ is density of coolant (air),
Vmax is the maximum average velocity across a row, D is the diameter of pin and μ is the
viscosity of the coolant.

13

ReD =

ρVmax D

(1)

μ

Generally, there is more than one mode of heat transfer in most of the practical
cases. Here, the cooling of gas turbine blades can be viewed as a combined process of
conduction and convection. Although, at high temperature, radiation heat transfer will
occur, for the sake of simplicity, attention is restricted to conduction and convection only.
The material of the pin fin in the study is aluminum and it has high thermal conductivity
(236 W/ (m-K) at 200C, ref: Table B1 of [13]). Thermal conductivity is an important
material property that is a measure of internal thermal resistance to heat flow. High
thermal conductivity indicates low thermal resistance and a near uniform temperature
distribution within the material. Thus, the temperature gradient inside the pin fin is
negligible and the driving potential for heat transfer is the temperature difference between
the pin fin surface and its surroundings. Air flows inside the geometry at a lower
temperature than the pin fins. Thus, air is absorbing heat from the pin fins. The
significant heat transfer processes here are convection to the air and conduction along the
fin. The surface resistance or convection coefficient, h (W/ (m2K)), ultimately becomes
the controlling parameter. A useful dimensionless parameter that includes the convection
coefficient (h) is the Nusselt Number (Nu). It can be defined as the ratio of convective
heat transfer to conduction heat transfer. The expression for Nusselt Number is
NuD =

hD
k

`

(2)

where k is the thermal conductivity of air and the characteristic length is the diameter of
pin fin, D. Computation of the Nusselt number is straightforward for a simple flow past a
single body. Computation of Nusselt numbers relevant to flow through a staggered-array
of pins require definition of quantities such as the bulk average air temperature for a
14

cross-sectional area. Appendix C presents the details of the Nusselt number
computations in sufficient detail to reproduce the values reported.
Pressure drop is another important parameter in the determination of pin fin
performance. It indicates the amount of power required to circulate the coolant in the
internal space of gas turbine blade. The non-dimensional parameter that reflects pressure
drop characteristics is friction factor. To use the experimental data for validation of the
computational simulation, it is necessary to use the same formulas that were used for
reporting the data. This formula is presented in Equation 3
f=

∆P

(3)

2NρV2max

where ΔP is the pressure drop in the rectangular channel, N is the number of rows, ρ is
the density of air, and Vmax is the maximum average velocity across a row. A lower
friction factor is desired because less power is required to produce the flow.
Another performance metric was introduced in this study that was named the Array
Performance Metric (APM). It was defined as
APM =

Nu

(4)

f

Obviously, it is dimensionless since it is ratio of two dimensionless parameters. High
APM results from high heat transfer and low pressure drop which is desired. Therefore,
the pin array that produces a higher value of APM is preferable. Four possible cases are
listed below:
a) High Nu, low f
b) Low Nu, high f
c) High Nu, high f
d) Low Nu, low f
15

Option (a) is most favorable and option (b) refers to the worst case. Comparison of
options (c) & (d) is difficult in the absence of any standard metric. APM is capable of
resolving this problem. The significance of this metric becomes apparent when we
compare two different pin fin arrays. If a pin array yields high Nu and high f, another pin
array yields low Nu and low f, then this performance metric indicates the better of the
two pin fin arrays.
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4. Results & Analysis
In the experimental set up of Ames [9], air from a small high-pressure blower flowed
through a plenum with a heat exchanger, an orifice tube, a conditioning section, and into
a test section of rectangular cross-section containing a staggered array of eight rows of
pins. The physical dimensions of the longitudinal slice of the test section for which the
flow was simulated are 55.1 cm (length), 3.4 cm (width), and 1.9 cm (height). For flow
through non-circular cross sections, the hydraulic diameter is a good approximation for
the flow’s characteristic dimension. It is defined as
Dh =

4×cross-sectional area

(5)

wetted perimeter

The concept of hydraulic diameter matches with experimental findings quite
accurately if the majority of the heat transfer resistance is in the near wall region and this
is the case when Prandtl number is more than 0.5[15]. In this study, the Prandtl number is
approximately 0.7 [Appendix A of [15]], thus satisfying the condition of being greater
than 0.5. The Reynolds numbers considered were 6,000/10,000/20,000/40,000, and these
were based on pin diameter (2.012 cm). According to [13], turbulent flow occurs in
circular cross-section pipe when Reynolds number based on pipe diameter is higher than
4,000. Following the above expression (Eq.5), the hydraulic diameter of the
computational slice of the test section is computed to be 2.4 cm. Therefore, even without
consideration of perturbation of the flow due to the presence of the pin fins, it is expected
that even for the lowest Re of interest there will be turbulent flow in the passage of
interest.
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A. Turbulent Flow Model
The phenomena of interest include heat transfer due to a turbulent flow. Before
conducting the research of interest, the computational tool to be used must be validated
for the flow of interest against experimental data. Modeling a turbulent flow requires
many assumptions. Although many turbulent flows models exist, none have been
identified as the universal best choice for any flow. This is why selecting a turbulent flow
model of sufficient fidelity for a flow of interest is not straightforward and requires
validation of the choice. From among the choices available in ANSYS Fluent, it was
decided to evaluate the fidelity of the Large Eddy Simulation (LES), the k-epsilon, and
the k-omega models for the flows of interest. Early simulations using the LES model
required prohibitively long execution times in the fastest computational environment
available to the study. The two-equation models, (k-epsilon and k-omega), have been
widely used successfully for diverse flow conditions and became a focus of the validation
effort. The settings and values specified in the ANSYS Fluent input files related to the
turbulent flow models are presented in Appendices A and B along with other information
that would be required to reproduce the simulations reported.
B. Mesh Convergence Study
Computational simulation of each case of interest started with a mesh convergence
study. For example, the two primary parameters of interest, Nusselt number and friction
factor, are reported in Fig. 6 and Fig. 7 for simulation of the RH-pin geometry for a Re of
40,000. The results of this mesh convergence study indicate that neither Nusselt number
nor friction factor changes significantly for meshes with more than 1.5 million nodes.
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Fig. 5. Mesh independence study for Nusselt number

Fig. 4. Mesh independence study for friction factor
19

C. LES Model
Although Direct Numerical Simulation (DNS) of turbulent flow eliminates the need
for models representing flow details at the smallest continuum scales, at present such
computational simulations are limited by the extraordinary computational resources
required for even the simplest geometries. Large eddy simulation replaces the flow
details at the smallest scales with a model of that flow and it is one of the options for
simulation in ANSYS. Explicit representation of large-scale motions and modeling of
small scale motions make it a good choice for simulation of flows containing unsteady
separation and vortex shedding. The LES model is computationally more expensive than
Reynolds stress models and less expensive than DNS.
LES simulations were run for four different values of Reynolds number as
mentioned in earlier chapter. Figure 8 shows the relationship between the values of
Nusselt number computed from experiment data and those computed from the
computational simulation. It is seen from the figure that Nusselt number increases with
Reynolds number for the investigated geometry for both LES model and the experiment
of Ames [9]. The LES model consistently predicts a higher value of Nusselt number as
compared to the experiment data. The slope of the LES model curve is slightly higher
than that of Ames experiment. Thus LES model over predicts Nusselt number and the
difference between model data and experimental data increases with Reynolds number.
Similarly, the performance of LES model was evaluated in terms of friction factor
as shown in Fig 9. It is found from this figure that friction factor decreases with
increasing Reynolds number. Although the LES model follows decreasing pattern of
experimental result, it over predicts friction factor as was found in Nusselt number. For
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Fig. 6. Performance of LES with Nusselt number
lower values of Reynolds number, the over prediction is small but it increases as
Reynolds number is increased. The LES model was found to be computationally
prohibitively expensive because it took approximately three to four weeks for each
simulation. Therefore the fidelity of other, less computationally expensive turbulent flow
models, was evaluated.
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Fig. 7. Performance of LES with friction factor
D. Two-equation Turbulent flow Models
Computational simulations of the traditional pin fin geometry without the slot was
validated by comparison to data provided by Grimson [9] and Ames [6] using a k-epsilon
model and a k-omega model. Comparisons of simulation results to those of the
experiments are presented in Fig. 10. Ames’ experimental results were reported to be 7%
lower than those of Grimson. The k-epsilon simulations produce a Nusselt number in
excellent agreement with the experimental data. The k-omega simulation is almost as
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Fig. 8. Nusselt number prediction of different models
good but slightly under-predicts Nusselt number at lower Reynolds number and overpredicts Nusselt number at higher Reynolds number.
E. Friction Factor Prediction
The friction factor computed from the computational simulations was compared with
experimental results as shown in the Fig. 11. Again, Reynolds number and friction factor
were plotted using a logarithmic coordinate along the x-axis and the y-axis. Friction
factor follows the same trend as Nu for the k-omega model. At low Re, friction factor
values are lower than experimental and at higher Re, the simulation predicts a higher
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friction factor. The k-epsilon model slightly over predicts the friction factor for all values
of Reynolds number. Based on the comparison of Nu and friction factor reported from
experiments to those computed from simulations, it was concluded that ANSYS Fluent
using either a k-epsilon or k-omega model provides a simulation of quality acceptable for

Fig. 9. Friction factor prediction of different models
the purpose of the current study. The k-epsilon model was used for the simulations
presented below as it provided a slightly better fit to the validation data than the k-omega
model.
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F. Nusselt Number along the Rows
It was interesting to investigate how Nusselt number varies along the rows. The
variations of Nusselt number in the five heated rows for all the four Reynolds number
were plotted in the Fig 12. Throughout the heated rows, Nusselt numbers remains more
or less constant and varies within approximately ±10% of the average value. Alternate

Fig. 10. Row-wise variation of Nusselt number
increase and decrease of Nusselt number along the rows is obvious from the figure. At
lower Reynolds number, this feature is weakly demonstrated whereas at higher values of
Reynolds number, the ups and downs of Nusselt number are easily identifiable.
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G. Steady and Unsteady k-epsilon
ANSYS Fluent provides the ability to produce time-accurate (transient) simulations
and steady state flow field solutions. Because turbulence is an inherently unsteady
phenomenon, it was decided to determine if there would be a significant difference

Fig. 11. Nusselt number for steady k-epsilon and unsteady k-epsilon
between the steady-state solution and the time-accurate simulations. In general, for
incompressible flows, steady-state solutions are more challenging to obtain. However,
when the computations do converge, they frequently require less computational effort
than running a transient simulation until an unchanging flow field is produced. The
variation of Nusselt number along the heated rows for Re=40,000 is plotted in Fig 13.
The resulting average Nusselt number using the k-epsilon model for steady-state solution
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and for the transient simulations are 191 and 192 respectively. Differences between the
computational results for row-by-row Nusselt number are also very small. Review of
these results guided the study to conduct all of the remaining simulations using the
steady-state flow model.
H. Analysis of Flow
m/s

(a)

(b)

(c)
Fig. 12. Stream wise velocity profile (a) at a cross-section downstream of pin fin (b) at a
crosssection through the pin fin (c) at the horizontal mid-plane
The stream wise velocity profile through the adiabatic and heated rows of pin fins is
shown in Fig. 14. Fig. 14(c) shows the velocity distribution at mid height of the channel.
Figures 14(a) and 14(b) show the velocity distribution at the two cross-sections marked
on Fig. 14(c). It can be seen that the maximum average velocity occurs at the minimum
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cross sectional area. The maximum velocity is seen to appear on either side of the pin fin
and it captures approximately 95% of the channel height. From Fig. 14(a) it is found that
flow velocity is relatively low at the middle of the cross-sectional area. Downstream of
the pin fin a larger cross-sectional area results in smaller average velocity throughout the
cross section as compared with the velocity profile of the minimum cross-section area.
In Fig. 14(c) the velocity is found to be symmetric about center of the horizontal midplane. The symmetric pattern of velocity is almost the same for each row of pin fins
except for the last row. Fig. 15 shows the streamlines which describe the flow path in the
five heated rows. Over the first half of the pin fin, the flow passes smoothly around the

Fig. 13. Streamlines at the horizontal mid plane
cylindrical surface of the pin fin. At a certain point, the flow separates from the pin fin
surface and a wake region is created. The wake region is found to occur downstream of
every pin and it is significantly larger for the last row of pin fins. Fig. 14(c) clearly shows
the low velocity in the wake region behind each pin.
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Pressure drop is related to friction factor. Variation of pressure along the rows is
shown in Fig. 16 using a plane at mid-height of the rectangular channel. This data is
computed simulation of flow at a Reynolds number equal to 40,000. Like the velocity
distribution, there is symmetry in pressure distribution with respect to a line along the

Fig. 14. Pressure distribution at horizontal mid plane
middle of that plane. There is no significant pressure loss in the hydrodynamic entry
length. Pressure drop occurs in the array of pin fins. A gradual decrease in pressure
occurs across each row of pins. Relatively low-pressure regions are found in the last three
rows near the pin circular surfaces.
I. Nusselt Number of RH Pin Fin Array
Having validated ANSYS Fluent for simulation of the flows of interest, it was used to
investigate the performance of the novel RH-pin cross-sectional geometry presented in
Fig. 3. As previously described, a circular pin is split along a plane passing through the
center of the pin and aligned with the mean flow direction to form two half-cylinders.
The half-cylinders are displaced in a direction normal to the mean flow such that crosssectional area of the passage normal to the flow is the same as it was for the solid pin
array. The RH-pin array was studied for three different slot widths: s/D = 0.05, 0.1 and
0.2. Table 2 shows the resulting Nusselt numbers of k-epsilon simulation with these slot
widths and Figure 17 is the plot of those values in logarithmic coordinates.
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Fig. 15. Nusselt number for RH-pin with different slot width
TABLE 2. Nusselt numbers resulting from different slot widths for different Reynolds
numbers
Re

s/D = 0

s/D = 0.05

s/D = 0.1

s/D = 0.2

6000

60

85

92

87

10000

79

110

115

112

20000

120

164

163

156

40000

190

269

265

245
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This figure shows that the RH-pin provides more heat transfer than the solid circular pin
over the entire range of Reynolds number investigated for every value of s/D. The
Nusselt number for the RH-pin is approximately 30% greater than for the solid pin across
the entire Re range. Although the RH-pin with s/D=0.05 corresponds to the largest
values of Nu, there is relatively little sensitivity to this parameter for the values
examined.
J. Friction Factor of RH Pin Fin Array
The pressure drop performance of the RH-pin was determined in terms of friction
factor as reported in Fig. 18. Table 3 shows the friction factor of RH-pins computed from
the computational simulations. Figure 18 displays these values in logarithmic coordinates
to compare the friction factor performance of RH-pin arrays against the non-split pin
arrays. Here, s/D = 0 refers to the conventional non-split cylindrical pin. It can be
observed from Fig. 18 that the resistance to flow of the RH pin array is significantly
lower than the solid pin array over the entire Reynolds number range except for the case
of smallest gap between the half cylinders (s/D = 0.05). This is not surprising when one
recognizes that the RH-pins provide a direct fore-to-aft flow channel through which the
fluid can stream. However, for the same array solidity, the RH-pins reduce the gaps
between pins which likely leads toward a higher resistance to flow. It is surmised that the
reduction in flow resistance due to the introduction of the streaming passage outweighs
the influence of the reduced pin-to-pin gaps for all but the smallest values of s/D.
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Fig. 16. Friction factor for different slot width RH pin array

TABLE 3. Friction factors resulting from different slot widths for different Reynolds
numbers
Re

s/D = 0

s/D = 0.05

s/D = 0.1

s/D = 0.2

6000

0.143

0.154

0.140

0.115

10000

0.124

0.130

0.119

0.096

20000

0.107

0.108

0.096

0.077

40000

0.091

0.097

0.084

0.067

32

K. APM for Different Pin Fin Arrays
As described in Chapter 3, the Array Performance Metric (APM) had been defined to
aid in comparison of two pin array configurations. Fig. 19 shows the values of APM

Fig. 17. APM for different pin fin array
computed for the flows simulated. APM focuses on the overall performance of pin
geometry. The performance of different geometric configurations at different Reynolds
numbers can be clearly visualized form this figure. Among the four configurations, the
performance of RH pin with higher slot width (s/D=0.2) is the best. It was found that
Nusselt number for the tiny slot width RH pin (s/D=0.05) was higher than that of nonsplit pin but the friction factor performance deteriorated. Even with the higher resistance
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to flow, the improvement in heat transfer performance was so significant that Fig. 19
shows that the overall performance of this RH-pin is better than conventional solid pin
array.
L. Velocity Distribution in the Slot
The velocity distribution in the slot was investigated at the middle of the channel
height. For example, the velocity distributions across the slot of width equal to 0.05 times
pin diameter are shown in Fig. 20 for 40,000 Reynolds number at the inlet of the slot,
midway through the slot, and at the outflow of the slot. The position zero in the vertical
axis of this plot corresponds to the middle of the slot width. For each of the positions, the
velocity distributions are similar. All of these possess parabolic shape and peak velocities
are found in the middle of the slot width as expected. The stream wise velocities at the
beginning of the slot are different from those of middle and end. The flow is accelerated
and more developed as it moves along the slot. Peak velocities of middle and end position
in the slot is higher than that for the beginning. The local velocities at the middle and end
of the slot almost coincide each other except for a slight difference in peak velocities. For
conventional solid cylindrical pins, there is a wake region of significant size downstream
of each pin. In contrast, with the RH-pin geometry, the jet-like flow leaving the slot
eliminates the wake region thereby greatly enhancing the rate of heat transfer over this
significant fraction of the pin surface. It seems likely that the entrainment effect of the
jet-like flow draws fluid closer to the aft surface of the cylinder even outside what was
the wake region, further contributing to the increase in heat transfer rate.
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Fig. 18. Velocity distribution in the slot (s/D=0.05)
Fig. 21 presents stream wise velocity distributions for three slot widths simulated
for flow at Re=40,000. Again, the zero position in the vertical axis is the middle of the
slot width. The pattern of velocity distribution does not change too much for different slot
widths. It is clear that for the range of s/D examined, both the maximum velocity in the
gap and the mass flow rate through the gap increase with increasing value of s/D. For the
larger gap widths, away from the wall there is a large region in which the shear stresses
are relatively small because the velocity gradient is relatively small. Fig. 21 shows that
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the maximum velocity in these gaps exceeds the average velocity through the array
indicating a preferred flow path due to reduced resistance to flow.

Fig. 19. Velocity distribution for different slot widths (Re=40,000)
M. Increase in Heat Transfer Area
The effective heat transfer is increased for RH pin geometry. As described in chapter
3, in the design of RH pin array each cylindrical pin is split into two halves and moved
away from each other. As a result, there is increase in effective heat transfer area.
Consider a circular cross-section cylinder of diameter D and height H. The exposed area

36

Fig. 20. Increase in heat transfer area
of this cylinder to exchange heat with coolant is πDH whereas after splitting the cylinder,
an area equal to 2DH has been added to the total exposed area. In figure 22, the increased
area is shown in blue. Thus, the fractional increase in effective heat transfer area is 2/π, or
approximately 64%. Since heated pin fins release heat to the coolant air, this increase in
heat transfer area contributes to the increase of heat transfer performance of RH pins.
Further, the ratio 2/π indicates that the percent area increase due to splitting the pin is
constant and not a function of pin diameter and pin height.
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5. Summary & Conclusions
Active cooling of the trailing edge of gas turbine blades by the passage of unheated
air through a high solidity pin array inside the trailing edge is an established technology
for improving turbine efficiency and increasing blade service life. The research effort
reported herein demonstrated that ANSYS FLUENT using a k-epsilon turbulent flow
model provides simulations of a quality suitable for conducting research with the
objective of improving the performance of such a cooling flow. Simulation of flow
through a novel RH-pin geometry in which a slot in the mean flow direction splits each
cylindrical pin into two half-cylinders predicts that an array of these pins will outperform
the more standard solid pin array by providing greater heat transfer and presenting a
lower resistance to flow than the standard pin array. Although significantly improved
performance was obtained for every RH-pin geometry investigated (as compared to an
array of similar dimensions using conventional solid pins), this research is clearly still in
its early stages. The next step toward a better understanding of the phenomena observed
will be a study of various parameters of the flow associated with the proposed new
geometry.
The most obvious parameter study to be performed is to further study the influence of
s/D on array performance. Flow at only four Reynolds numbers (6,000/ 10,000/ 20,000/
40,000) were examined in this study. Extension of the study may include Reynolds
number values outside this range. Even within this range, flow at other values of
Reynolds number may be of interest. Further study of pin fin cooling may be found by
changing the boundary conditions. In the present study, an unheated region with solid
surfaces maintained at 300 K was followed by a heated region in which the solid surfaces
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are specified to have temperature of 330 K. Simulations at other surface temperatures
might provide further insight into the heat transfer process. Simulations in which there is
a special variation in surface temperature may be of interest, as may be simulations in
which a heat flux boundary condition is imposed. Expanding the modeling domain,
simulations showing a reduction in turbine blade trailing edge temperature due to
enhancement of cooling would be very computationally expensive but also very useful.
Although the improvement in cooling performance of the RH-pin as compared to the
conventional solid pin is clearly demonstrated in the computational simulations,
experiments validating the RH-pin simulations and the conclusions drawn from those
simulations would certainly be of value.
The introduction of RH-pin geometry was obtained by splitting the existing circular
cross section pin into two halves. Although cylindrical pin fins are the most popular,
there are many other cross-sectional shapes such as square, elliptical, diamond, triangular
etc. that can be used. For the non-circular cross sections, there are a number of possible
orientations for each. For example, if we consider the square cross-sectional shape, it can
be placed with its diagonal parallel to the flow or at an angle to the flow. Again, for these
various cross-sectional shapes, the splitting concept may improve performance as
compared to the primary shape.
The preceding ideas for extension of the present research is focused primarily on pin
details. Looking at the challenge of turbine trailing edge active cooling from a holistic
perspective introduces a multitude of array/passage parameter such as stream wise pin
spacing, span wise pin spacing, pin height to diameter ratio, passage shape, or the
introduction of surface features such as dimples.

39

It is clear that although the box of questions has been opened, and a few answers
provided, the number of unanswered questions of significant interest to optimization of
turbine blade trailing edge active cooling is so great as to defy an attempt to assemble a
comprehensive list of them.

40

References
[1] Armstrong J., and Winstanley D., "A Review of Staggered Array Pin Fin Heat
Transfer for Turbine Cooling Applications," J. Turbomach., pp. 110(1), p.94, 1988.
[2] Chyu, M. K., Hsing, Y. C., Shih, T. I.-P., and Natarajan, V.,, "Heat Transfer
Contributions of Pins and Endwall in Pin-Fin Arrays: Effects of Thermal Boundary
Conditions Modeling," ASME J. Turbomach., pp. 121, pp. 257–263., 1999.
[3] Chyu M. K., Siw S. C., and Moon H. K., "Effects of height-to-diameter ratio of pin
element on heat transfer from staggered pin-fin arrays," 2009 ASME Turbo Expo,
June 8, 2009 - June 12, 2009, American Society of Mechanical Engineers, p. pp.
705–713, 2009.
[4] Metzger, D. E., Shepard, W. B., and Haley, S. W., "Row Resolved Heat Transfer
Variations in Pin Fin Arrays Including Effects of Non-Uniform Arrays and Flow
Convergence," ASME Paper No. 86-GT-132., 1986.
[5] VanFossen G. J.,, "Heat Transfer Coefficients for Staggered Arrays of Short Pin
Fins," ASME Paper No. 81-GT-75, 1982.
[6] Lawson S. A., Thrift A. A., Thole K. A., and Kohli A, "Heat transfer from Multiple
Row Arrays of Low Aspect Ratio Pin Fins," Int. J. Heat Mass Transf., 54(17- 18),
p. pp. 4099–4109., 2011.
[7] Arora, S. C., and Abdel Messeh, W., "Heat Transfer Experiments in High Aspect
Ratio Rectangular Channel with Epoxied Short Pin Fins," ASME Paper No. 83-GT123, 1983.
[8] Tarchi L., Facchini B., and Zecchi S., "Experimental Investigation of Innovative
Internal Trailing Edge Cooling Configurations with Pentagonal Arrangement and
Elliptic Pin Fin," Int. J. Rotating Mach., 2008, p. p. 109120 (10 pages)., 2008.
[9] Jaswal, I., Ames, F. E., "Heat Transfer and Pressure Drop Measurements in
Constant and Converging Section Pin and Diamond Pedestal Arrays," 2009.
[10] Rao, Y., Xu, Y., Wan, C., "A Numerical Study of the Flow and Heat Transfer in the
Pin Fin-Dimple Channels with Various Dimple Depths," J. of Heat Transfer, 2012.
[11] Kirsch K. L., Ostanek J. K., Thole K. A., and Kaufman E., "Row Removal Heat
Transfer Study for Pin Fin Arrays," ASME Paper No. GT2014-25348,, p. pp.
V05AT12A006 (11 pages)., 2014.
[12] E. D. Grimison, "Correlation and Utilization of New Data on Flow Resistance and
Heat Transfer for Cross Flow of Gases Over Tube Banks," Trans. ASME, pp. 59,
pp. 583–594., 1937.

41

[13] J. P. Holman, Heat Transfer., McGraw-Hill. p. 207., 2002.
[14] W. S. Janna, Engineering Heat Transfer.
[15] W. M. Kays, Convective Heat and Mass Transfer..
[16] "http://thermalscienceapplication.asmedigitalcollection.asme.org," [Online].

42

Appendix A: ANSYS Fluent Turbulence Model Setup
After importing the mesh file along with the geometry, the following setup was
used for the steady k-epsilon model.
Problem Setup
General

Models

Materials
Cell Zone Conditions
Boundary Conditions
Solution
Solution Methods

Solution Controls

Monitors

Solution Initialization

Solver: Pressure-Based
Velocity Formulation: Absolute
Time: Steady
Models
Energy-On,
Viscous-Standard k-epsilon, Enhanced Wall Fn
Fluid: air, Solid: aluminum
Zone: fluid
As described in Chapter 3
Pressure-Velocity Coupling: SIMPLE
Spatial Discretization
Gradient: Least Squares Cell Based
Pressure: Standard
Momentum: Second Order Upwind
Turbulent Kinetic Energy: First Order Upwind
Turbulent Dissipation Rate: First Order Upwind
Energy: Second Order Upwind
Under-Relaxation Factors
Pressure: 0.3
Density: 1
Body Forces: 1
Momentum: 0.7
Turbulent Kinetic Energy: 0.8
Turbulent Dissipation Rate: 0.8
Turbulent Viscosity: 1
Energy: 1
Residuals
Continuity/x-velocity/y-velocity/z-velocity
/energy/k/epsilon : 1e-07
Residual Values: Scale
Convergence Criterion: absolute
Initialization Methods: Hybrid Initialization
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For the unsteady k-epsilon/k-omega models, “Time: Transient” was selected in
the “General” category under “Solution Methods”, and “First Order Implicit” was
selected for “Transient Formulation”. The LES simulations used the “Second Order
Implicit” option for “Transient Formulation”. Time Step size and distance of the first
node from the wall were adjusted to produce desired values for y plus at the first
computational point and the Courant number.
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Appendix B: Post-processing of ANSYS Fluent Data
Before post-processing simulation results, several planes separating heated rows
were created at different axial/stream wise locations. Bulk average air temperatures were
calculated at these planes. In addition, a custom field function was defined using the
following command:
Define-Custom Field Functions-Velocity/x Velocity-Select-multiplication (X)Temperature/Static Temperature-Select- New Function Name (ut)-Define.
Results
Reports

Integral Calculation for Bulk Avg. Air Temperature
a) Surface Integral-Set Up
Report Type-Integral
Field Variable-Custom Field Functions (ut)
Surfaces-Select the planes separating the rows-Compute
b) Surface Integral-Set Up
Report Type-Integral
Field Variable-Velocity/X Velocity
Surfaces-Select the planes separating the rows-Compute
Calculation of Pressure Drop
Surface Integral-Set Up
Report type: Area-weighted Average
Field Variable: Pressure/Static Pressure
Surfaces: Inlet, Outlet
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Appendix C: Calculation of Row Average Nusselt Number
Step 1: Bulk avg. air temperature (at a plane):

𝑇𝑏 =

∫ 𝑢𝑇𝑑𝑥
∫ 𝑢𝑑𝑥

Step 2: Avg. row bulk temperature (for a row of fins)

𝑇𝑏,𝑟𝑜𝑤 =
Step 3: Heat flux:

𝑇𝑏,𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 + 𝑇𝑏,𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚
2

𝑞̇ = 𝑚̇𝐶𝑝 (𝑇𝑏,𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 − 𝑇𝑏,𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 )

Step 4: Heat Transfer Coefficient:

Step 5: Nusselt Number:

ℎ=

𝑞̇
𝐴(𝑇𝑤 −𝑇𝑏,𝑟𝑜𝑤 )

𝑁𝑢𝐷 =

46

ℎ𝐷
𝑘

